Thrombopoietin (TPO) is implicated as a primary regulator of megakaryopoiesis and thrombopoiesis. However, the biologic effects of TPO on human acute myeloblastic leukemia (AML) cells are largely unknown. To determine if recombinant human (rh) TPO has proliferation-supporting and differentiation-inducing activities in AML cells, 15 cases of AML cells that were exclusively composed of undifferentiated leukemia cells and showed growth response t o rhTPO in a short-term culture (72 hours) were subjected to long-term suspension culture with or without rhTPO. Of 15 cases, rhTPO supported proliferation of AML cells for 2 t o 4 weeks in 4 cases whose French-American-British subtypes were MO, M2, M4, and M7, respectively. In addition to the proliferation-supporting activity, rhTPO was found t o induce AML cells to progress t o some degree of megakaryocytic differen-EMATOPOIESIS is controlled by the combined effects of hematopoietic growth factors that support the survival, proliferation, and differentiation of hematopoietic stedprogenitor cells via their interaction with specific cell surface receptors. Among numerous hematopoietic growth factors, thrombopoietin (TPO) is a newly cloned hematopoietic growth factor and a ligand for the c-mpl proto-oncogene that was originally identified as the cellular homologue of the oncogene v-mpl proto-oncogene that was originally identified as the cellular homologue of the oncogene v-mpl transduced into the myeloproliferative leukemia retrovirus."" A number of recent studies have shown that TPO stimulates both proliferation and differentiation of megakaryocytic progenitor cells in ~i t r o '~"~ and that daily infusion of TPO into mice induces a marked increase in the counts of platelets, megakaryocytes, and megakaryocytic progenitor cells.7 Furthermore, the c-mpl-or TPO-deficient mice generated by gene targeting have been shown to exhibit a striking decrease in the number of platelets, megakaryocytes, and megakaryocytic progenitor cell^.'^,^^ These findings indicate that the TPOlc-mpl system is a physiologic regulator of platelet and megakaryocyte production. Address reprint requests to Yuzuru Kanakura, MD, PhD, the Second Department of lnternal Medicine, Osaka University Medical School, 2-2, Yamada-oka, Suita, Osaka 565, Japan.
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tiation at both morphologic and surface-phenotypic levels in 2 AML cases with MO and M7 subtypes. The treatment of AML cells with rhTPO resulted in rapid tyrosine phosphorylation of the TPO-receptor, c-mpl, and STAT3 in all of cases tested. By contrast, the expression of erythroid/megakaryocyte-specific transcription factors (GATA-1, GATA-2, and NF-E2) was markedly induced or enhanced in only 2 AML cases that showed megakaryocytic differentiation in response t o rhTPO. These results suggested that, at least in a fraction of AML cases, TPO could not only support the proliferation of AML cells irrespective of AML subtypes, but could also induce megakaryocytic differentiation, possibly through activation of GATA-1, GATA-2, and NF-E2. 0 1996 by The American Society of Hematology.
In normal hematopoietic tissues, the expression of c-mpl is detected primarily in megakaryocytes, their precursors, and their progeny (ie, megakaryocytes, CD34' cells, and platelets).' In the case of hematologic disorders, the c-mpl expression is observed in half of samples from patients with acute myeloblastic leukemia (AML) and in one-third of those from patients with myelodysplasia, including those with refractory anemia with excess of blast (RAEB), RAEB in transformation, and chronic myelomonocytic leukemia.'8-2 ' We have recently shown that the short-term (72 hours) culture with TPO led to proliferation of AML cells in approximately 70% of c-mpl-positive cases and not in any of the c-mpl-negative cases examined." Furthermore, it was found that c-mpl expression and proliferative response to TPO were observed in all subtypes of AML and did not correlate with French-American-British (FAB) classification. These observations suggested that c-mpl may be functional in terms of supporting proliferation of AML cells and that the functional expression of c-mpl may not be restricted to AML cells that display characteristics of megakaryocytes.
AML cells appear to be progenitors frozen at early stages of differentiation and are known to express a variety of hematopoietic growth factor receptors.".23 Like normal hematopoietic stedprogenitor cells, proliferation of AML cells can be stimulated in most cases by one or more hematopoietic growth factors, such as interleukin-3 (IL-3), granulocyte-macrophage colony-stimulating factor (GM-CSF), granulocyte colony-stimulating factor (G-CSF), macrophage colony-stimulating factor (M-CSF), IL-6, and stem cell factor (SCF).'4-2x However, each of these growth factors usually appears to be incapable of inducing differentiation of AML cells, with the exception of only rare instances in which IL-3, GM-CSF, G-CSF, or M-CSF induce morphologic changes that are indicative of monocytic or granulocytic, but not of megakaryocytic Because TPO is a novel hematopoietic growth factor that has a potent activity in inducing both proliferation and megakaryocytic differentiation of normal hematopoietic progenitor cells, it is important to clar- ify the effects of TPO on proliferative potential and phenotype of AML cells for a better understanding of mechanisms underlying the excessive proliferation and aberrant differentiation of AML cells. Furthermore, because severe thrombocytopenia is a common feature of AML, clear information concerning the long-term effects of TPO on AML cells is necessary to construct therapeutic procedures of TPO in patients with AML. In this study, we have therefore examined the effects of recombinant human (rh) TPO on the proliferation and differentiation of AML cells in a long-term suspension culture. Furthermore, we have investigated the effects of rhTPO on tyrosine phosphorylation of c-mpl and STAT3 and also on the expression of erythroid/megakaryocyte-specific transcriptional factors (GATA-I, GATA-2, and NF-E2) in AML cells.
MATERIALS AND METHODS

Reagents and antibodies.
Highly purified rhTP0 and rhIL-3 were provided by Kirin Brewery CO Ltd (Tokyo, Japan). Rabbit anti-c-mpl IgG was purified by using a protein A Sepharose (Pharmacia Biotech, Uppsala, Sweden) from antiserum against extracellular domain of c-mpl.' Rabbit anti-STAT3 antiserum raised against C-terminal portion of STAT3 was generously provided by Dr K. Nakajima (Osaka University, Osaka, Japan). Antiphosphotyrosine, a murine monoclonal antibody (MoAb) generated against phospho- Patients and leukemic cells. Peripheral blood (PB) or bone marrow (BM) samples were obtained from 59 patients with AML. All samples were obtained after informed consent was given. The diagnosis of leukemia was made by morphologic, cytochemical, and immunologic analyses, and each case was classified according to FAB riter ria.^^.^^ Mononuclear cells were isolated with Ficoll-Hypaque (Nycomed Pharma AS, Oslo, Norway) density gradient centrifugation and cryopreserved in 10% dimethylsulfoxide in the vapor phase of liquid nitrogen until use. Samples used in this study contained greater than 95% leukemia cells and had a viability greater than 90% even after thawing.
Cellproliferation assay and long-term cultures. The frozen cells were thawed, washed, and suspended in RPM1 1640 medium (Nacalai Tesque, Kyoto, Japan) supplemented with 10% fetal calf serum (FCS; Flow, North Ryde, Australia). To quantitate the proliferation of AML cells in a short-term culture (72 hours), MTT[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] (Sigma, St Louis, MO) rapid colorimetric assay was used as previously reported. 37 This assay was found to give equivalent results obtained by 'Hthymidine incorporation or cell enumeration, as described prev i o~s l y . ' *~~~ In long-term ( > l week) cultures, AML cells (2 X lo5/ mL) were suspended in RPM1 1640 medium supplemented with 10% FCS or in serum-free Cosmedium 001 (Cosmobio, Tokyo, Japan) in the presence or absence of rhTPO (20 ng/mL) or rhIL-3 (10 ng/mL). The concentrations of rhTP0 and rhIL-3 induced almost maximal proliferation of human leukemia One-third of the medium was replaced twice a week, taking care not to lose the cultured cells. At various times after the initiation of culture, the number of viable cells was counted by trypan blue dye exclusion. The morphologic characteristics of the cultured cells were determined by staining the cytospin preparations (Shandon, Pittsburgh, PA) with May-Griinwald-Giemsa after 5 to 14 days. Also, the surface phenotypes of the cells were analyzed by flow cytometry. Flow cytometry. Surface antigens of AML cells were examined with the indirect immunofluorescent method, as previously described!' Briefly, cells were incubated first with an appropriate murine MoAb at 4°C for 30 minutes, rinsed, and developed with fluorescein isothiocyanate (F1TC)-conjugated goat antimouse globulin (goat antimouse Ig; Becton Dickinson). The cells were then rinsed and analyzed on FACScan (Becton Dickinson). The proportion of positive cells was determined by reference to nonspecific isotype control MoAb.
Immunoprecipitation and immunoblotting. The frozen AML cells were thawed, washed free of serum, and incubated in serumfree Cosmedium 003 (Cosmobio) for 2 hours at 37°C. The cells (lo7 cells suspended in 1 mL of Cosmedium 003) were stimulated with rhTPO at 37°C for 5 and 20 minutes to analyze tyrosine phosphorylation of c-mpl and STAT3 proteins, respectively. After stimulation, the cells were washed with cold phosphate-buffered saline (PBS) and then lysed in lysis buffer (20 mmol/L Tris-HC1, pH 8.0, 137 mmoK NaCI, 10% glycerol, 1% NP-40) containing protease and phosphatase inhibitors, as described previously.'* Insoluble material was removed by centrifugation at 10,OOOg for 15 minutes at 4°C. The procedures of immunoprecipitation, gel electrophoresis, and immunoblotting were performed according to the methods described previously.'* Briefly, the lysates were precleared with protein-G Sepharose beads (Phmacia AB, Uppsala, Sweden) for 2 hours at 4°C. The precleared lysates were incubated with 4 pL of anti-cmpl or anti-STAT3 antiserum followed by the addition of protein-G Sepharose beads. The immunoprecipitates were subjected to sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were electrophoretically transferred onto a plyvinylidene difluoride membrane (Immobilon; Millipore Corp, Bedford, MA). After blocking residual binding sites on the filter by incubation in TBS (10 m m o K Tris-HC1, pH 8.0, 150 mmoK NaC1) containing 1% gelatin (Bio-Rad Laboratories, Richmond, CA), immunoblotting was performed with the antiphosphotyrosine MoAb. Immunoreactive proteins were visualized with an enhanced chemiluminescence detection system (DuPont NEN, Boston, MA). The filters were then stripped and reprobed with anti-c-mpl or anti-STAT3 antiserum.
Northern blot analysis. The AML cells were suspended at a concentration of 106/mL in RPM1 1640 supplemented with 10% FCS and were incubated in the presence or absence of rhTPO (20 ng/ mL) or rhIL-3 (10 ng/mL) at 37°C for 24 hours. Isolation of total cellular RNA and Northern blot analysis were performed as previously described.'* Human GATA-l cDNA was kindly provided by Dr M. Yamamoto (Tohoku University, Sendai, Japan), and the probe was a 425-bap fragment corresponding to nucleotides 1 through 425. The probes for human GATA-2 and p45 NF-E2 were obtained by reverse transcriptase-polymerase chain reaction (RT-PCR) from cDNA of HEL cells and corresponded to nucleotides 1001 through 1420 and 214 through 508, respectively. @-Actin probe was purchased from Nippon Gene (Toyama, Japan). c-mpl expression and proliferative response to rhTPO, 15 cases were selected for investigating the effects of rhTPO on the proliferation and megakaryocytic differentiation of AML cells because of the following reasons. First, cytokineinduced differentiation of AML cells in vitro appeared to require suppression of apoptosis during early cultured periods. Second, the cryopreserved mononuclear cells of these cases were exclusively composed of undifferentiated AML cells (>98%) and had no contamination of megakaryocytes. The FAB classification, intensity of c-mpl expression, proliferative response to rhTPO, and surface phenotypes of AML cells are summarized in Table 1 . Three cases were classified as FAB MO, 1 as M1, 2 as M2, 1 as M3, 3 as M4, 2 as M5, 1 as M6, and 2 as M7. With the exception of cases no. 4 and 13, the samples were prepared from the PB of AML patients. The expression of CD34, c-kit, HLA-DR, CD33, CD13.andCD14antigenswasdetectedin 12, 11, 15, 13, 13, and 7 cases, respectively. Megakaryocytic surface markers, GPIb and GPIIbAIIa, were limited to 2 M7 cases. Effect of rhTP0 on the proliferation of AML cells in U long-term culture. To determine if proliferation of AML cells was maintained with rhTPO in a long-term culture, AML cells from the 15 cases were cultured in the presence or absence of rhTPO (20 ng/mL). In addition, AML cells were cultured with rhIL-3 (10 ng/mL) as a positive control, because rhIL-3 was shown to have the highest activity in stimulating proliferation of AML cells in a short-term culture.'* In the absence of any added growth factors, the numbers of viable cells decreased with the lapse of culture time in all of 15 AML cases and became undetectable 2 to 4 weeks after the initiation of culture (Fig 1) . By contrast, proliferation of AML cells was supported for 2 weeks by rhTPO in 4 (cases no. 1, 5, 9, and 14) of 15 cases and by rhIL-3 in 8 cases (cases no. 1, 3, 4, 5, 6, 9, 14, and 15). Even 4 weeks after the initiation of culture, proliferation or survival of AML cells was sustained by rhTPO in 3 cases (cases no. 1,9, and 14) and by rhIL-3 in 6 cases (cases no. 1 , 3,5,6,9, and 14; Fig 1) . In those cases showing proliferative response to each factor, the number of viable cells reached a maximum level at 1 to 3 weeks after the initiation of cultures and decreased thereafter.
RESULTS
Morphologic and phenotypic characteristics
Effect qf rhTP0 on megakaryocytic dlfferentiation of AML cells. We have next examined the changes in morphology of AML cells before and after treatment with rhTPO or rhIL-3. In the absence of growth factors, AML cells died without differentiation in all of AML cases tested. The treatment of AML cells with rhIL-3 resulted in expansion of undifferentiated blast cells in more than half of AML cases, but failed to induce morphologic differentiation of the cells in any cases (data not shown). By contrast, the in vitro culture of AML cells with rhTP0 for 1 to 4 weeks led to morphologic alterations indicative of megakaryocytic differentiation in 2 AML cases (case no. 1, MO type; case no. 14, M7 type; Fig  2) . At day 0, freshly prepared AML cells of cases no. l and 14 were composed of small undifferentiated blast cells (data not shown). However, at days 7 to 10, a substantial proportion of AML cells (case no. 1, 10% to 20%; case no. 14, 40% to 50%) became large in size and had two to seven small nuclei or one large nucleus in the culture with rhTPO, whereas morphologic alteration was not observed in the absence of growth factors (Fig 2) .
To determine further the phenotypic changes of AML cells, flow cytometric analysis was performed 7 days after the initiation of cultures with rhTPO, rhIL-3, or medium alone (Fig 3) . In case no. 1, rhTPO induced expression of GPIIbnIIa as well as GPIb, and the expression levels of CD34 and c-kit were decreased by the rhTP0 treatment. In case no. 14, the treatment with rhTPO led to a slight increase in GPIb expression and to a decrease in CD34 and c-kit expression, although the expression level of GPIIbAIIa was not augmented by rhTPO. In contrast to rhTPO, the culture with rhIL-3 resulted in little or no alteration of the expression of CD34, c-kit, GPIb, and GPIIbOIIa antigens (Fig 3) . These findings were basically comparable with the data on morphologic analyses. In addition, the similar morphologic and phenotypic changes of AML cells in cases no. 1 and 14 were observed in serum-free cultures with rhTPO (data not shown).
The expression level of transcription factor GATA-l, GATA-2, and NF-E2 genes in AML cells and the tyrosine phosphorylation ofc-mpl and STAT3 before and after treatment with rhTP0. In an effort to characterize the mechanism of TPO-induced proliferation and megakaryocytic differentiation of AML cells, we have investigated the effects of rhTPO on the expression of transcription factors GATA-1, GATA-2, and p45 NF-E2, all of which are known to play a role in megakaryopoiesis and/or thrombopoiesis as well as MATSUMURA ET AL erythropoiesis. Before and after incubation of AML cells in the presence or absence of rhTPO or rhIL-3 for 24 hours. the expression of GATA-I, GATA-2, and NF-E2 mRNA was examined by means of Northern blot analysis. Before incubation, the expression of GATA-1 and NF-E? mRNA was preferentially detected in AML cases of M6 and M7 types (cases no. 13, 14, and 15) and was absent or minimal in other types of AML cases (cases 1 through 12), whereas that of GATA-2 mRNA was observed in all of the AML cases at a similarly low level (data not shown). The expression levels of GATA-l , GATA-2, and NF-E2 mRNA were not affected by incubation of AML cells with either rhIL-3 or medium alone (Fig 4) . By contrast, the treatment of AML cells with rhTPO induced or augmented the expression of GATA-I, GATA-2, and NF-E2 mRNA in cases no. I and 14, both of which showed megakaryocytic differentiation in response to rhTPO (Fig 4) . However, the induction or augmentation of GATA-1, GATA-2, and NF-E2 by rhTPO was not observed in AML cases that did not exhibit rhTPOinduced differentiation, as shown by 2 representative cases (cases no. 13 and 15) in Fig 4. We have also examined the effects of rhTPO on tyrosine phosphorylation of c-mpl and STAT3 in AML cases. As shown by 2 representative cases of M7 type (cases no. 14 and 15) in Fig 5, rhTPO was found to induce tyrosine phosphorylation of c-mpl and STAT3 proteins in AML cells that showed proliferative response to rhTPO in the short-term and/or long-term cultures. Furthermore, it was noted that there was no significant difference in the levels of tyrosine phosphorylation of c-mpl and STAT3 proteins between 2 M7 cases: one (case no. 14) showed TPO-induced megakaryocytic differentiation and another (case no. 15) did not.
The tyrosine phosphorylation of c-mpl or STAT3 or the induction of GATA-1 , GATA-2, or NF-E2 was not observed in c-mpl-negative AML cases (data not shown).
DISCUSSION
By using different strategies, several groups of investigators have purified and cloned the c-mpl ligand, TPO, that has NH,-terminal domain homologous to erythropoietin and COOH-terminal domain unrelated to any known protein.'"' A number of recent studies have clearly shown that TPO plays a fundamental role in both megakaryopoiesis and thrombop~iesis.'~"~ By contrast, the precise role of TPO in abnormal growth of hematopoietic cells remains to be determined. In this study, we have investigated the effect of rhTPO on proliferation of AML cells by direct measurement of viable cells and have found that rhTPO is capable of supporting proliferation of AML cells more than 2 weeks in 4 of 15 c-mpl-positive cases, including MO, M2, M4, and M7 cases. This finding is largely consistent with our previous results obtained from an MTT rapid calorimetric assay" and suggests that TPO could support self-renewal capacity of AML cells in those cases. Furthermore, these results support the idea that TPO has a proliferation-inducing activity in a substantial fraction of AML cases, and this activity does not correlate with subtypes of AML.
TPO has recently reported to be able to initiate, but not to complete, the process of megakaryocytic differentiation 
For personal use only. on September 24, 2017. by guest www.bloodjournal.org From for 7 to 10 days resulted in the development of polyploid megakaryocytes with one to several nucleus, whereas the morphologic alterations indicative of megakaryocytic differentiation were not induced by medium alone or rhIL-3. In addition to the morphologic changes, the rhTPO treatment of the AML cells led to decreased expression of stem cell antigens CD34 and c-kit andor the increased expression of megakaryocytic antigens GPIIb/IIIa and GPIb in these cases.
Although it was not clearly shown that the differentiated megakaryocytes formed in response to rhTPO were of clonal origin, rhTPO was unlikely to induce residual normal rather than leukemia precursor differentiation into megakaryocytes, because the number of normal hematopoietic stedprogenitor cells in the PB of AML patients appeared to be very low. Furthermore, it was noted that the rhTPO treatment of PB mononuclear cells prepared from normal healthy volunteers (n = S ) or the patients with acute lymphoblastic leukemia (n = 5) for 7 days did not result in development of megakaryocytes from any samples. These results suggested that differentiated megakaryocytes may be of leukemia precursor origin and that TPO may have an activity in inducing megakaryocytic differentiation of AML cells, albeit in a limited number of AML cases.
Hematopoietic growth factors such as TPO may activate certain transcription factors that are essential for controlling hematopoietic cell proliferation, commitment, and differentiation. Among numerous transcription factors, erythroidmegakaryocyte-specific transcription factors GATA-I , GATA-2, and p45 NF-E2 have been described to be coupled to megakaryocytic differentiati~n~'.~~ and to transactivate megakaryocytic-specific gene e x p r e s s i~n .~~-~~ For example, although loss of GATA-1 prevents primitive and definitive erythroid development in vivo,"* the forced expression of GATA-I induces megakaryocytic differentiation in a murine myeloid cell line 416B.43 In addition, the megakaryocytic differentiation of the 416B cells was similarly elicited by expression of GATA-2 t r a n~g e n e .~~ Furthermore, loss of the p45 subunit of NF-E2 affects megakaryocytic maturation, thereby leading to severe thrombocytopenia in vivo." In the case of AML cells, the expression of GATA-1 and NF-E2 was observed primarily in cells of erythroid (M6) and megakaryocytic (M7) types but barely in those of other types; the low, but detectable, level of GATA-2 expression was noted in all of AML cases. The expression levels of GATA-l , GATA-2, and NF-E2 were not influenced by either rhTPO or rhIL-3 in any of AML cases that did not show megakaryocytic differentiation. By contrast, the treatment with rhTPO for 24 hours resulted in a marked induction or enhancement of GATA-1, GATA-2, and NF-E2 expression in 2 AML cases that did exhibit megakaryocytic differentiation in response to rhTPO. These results suggested that rhTPO may activate GATA-l, GATA-2, and NF-E2 transcription factors in the AML cases, thereby leading to some further differentiation of AML cells toward megakaryocytic lineage.
Although rhTPO has activities in inducing proliferation and megakaryocytic differentiation of AML cells in a fraction of AML cases, it is not known yet as to which signaling molecules are involved in the processes. Recently, it has been reported that TPO induces tyrosine phosphorylation and activation of various signaling molecules, including Janus family of protein tyrosine kinases (JAKs), signal transducers and activators of transcription (STATs), and Shc.F"~5' Furthermore, TPO was suggested to induce tyrosine phosphorylation of its receptor c-mpl through activation of JAK2 tyrosine kinase.'" In all of the c-mpl-positive AML cases tested, we have found that rhTPO was found to induce tyrosine phosphorylation of c-mpl and STAT3 in a ligand-dependent manner. In addition, there was no significant difference in the level of tyrosine phosphorylation of c-mpl and STAT3 between 2 M7 cases; one showed TPO-induced differentiation and the other did not. These results suggest that the signaling cascade from c-mpl to STAT3 may be undamaged in AML cells and raise the possibility that STAT3 might be involved in TPO-induced proliferation of AML cells, but not in differentiation processes such as activation of GATA-1, GATA-2, and NF-E2. A clear and decisive information concerning the precise mechanism underlying the TPO-induced proliferation and megakaryocytic differentiation of AML cells will not only provide important insights into neoplastic transformation of megakaryocyte progenitor cell, but will also provide novel therapeutic strategies for thrombocytopenia in the patients with AML. 
